Although more than 40 beta-defensins have been identified in rat epididymis, little is known about their regulation or their relation to male infertility caused by inflammation. Using a rat model of epididymitis induced by lipopolysaccharide (LPS), we examined expression of SPAG11E (also known as Bin1b), a caput epididymis-specific beta-defensin in rat. Unlike the expression of other beta-defensins in various epithelial cells with upregulated expression after LPS stimulation, expression of SPAG11E was significantly decreased by LPS at the mRNA and protein levels. LPS treatment also significantly decreased both sperm binding to SPAG11E and sperm motility, and supplementation of the spermatozoa with recombinant SPAG11E in vitro remarkably increased both SPAG11E binding and motility of sperm. To clarify whether decreased expression is a common pattern of epididymal beta-defensins after LPS stimulation, we examined the expression of another 12 epididymal beta-defensins expressed in the caput epididymis. For nine of these beta-defensins, expression was decreased, but for the other three, expression remained unaffected. These findings demonstrate that LPSinduced epididymitis can decrease the expression of epididymal beta-defensins and that disruption of SPAG11E expression is involved in the impairment of sperm motility.
INTRODUCTION
The epididymis is anatomically connected to the urethra, so it is always at risk of ascending microbial invasion. Infection originating by retrograde ascent of Gram-negative bacteria via the ejaculatory ducts and the vas deferens is a common cause of acute epididymitis, which sometimes leads to infertility [1, 2] . Lipopolysaccharide (LPS) is a structural component of the outer membrane of nearly all Gram-negative bacteria. Toll-like receptor 4 (TLR4), the main receptor for LPS, is expressed by epididymal epithelium and has been identified on spermatozoa, and nuclear factor (NF)-jB transcriptional activity increases following stimulation with LPS [3] [4] [5] . Although the epithelial cells of the epididymis respond to LPS challenge, little is known about important molecules that are involved in the development of male infertility as a result of epididymitis caused by Gram-negative bacterial infection.
The b-defensins are synthesized by various epithelial cells and form the first line of host defense against infections penetrating the epithelial surfaces. They can be divided in two groups according to their origins: b-defensins expressed by a wide range of epithelial tissues, and b-defensins expressed exclusively by epididymal epithelium [6] . More than 40 bdefensins have been identified in rat epididymis [7, 8] , and many show segment-selective expression (i.e., caput, corpus, or cauda) [9] . The differences in localization of these epididymisspecific b-defensins may reflect differences in their roles during sperm maturation, but at present, we know little about the biological function of these antimicrobial peptides. SPAG11E (also known as Bin1b), the protein product of Spag11b, is one of the caput epididymis-specific b-defensins in rat with a relatively well-characterized function. It is composed of 68 amino acids and is expressed specifically in epithelial cells in the middle part of the caput region [10] . As a dual-role protein, SPAG11E can efficiently suppress Escherichia coli colony growth in the medium of primary-cultured caput epididymal epithelia and also bind to the head of sperm in different regions of the epididymis to promote sperm motility [11] . Some other epididymis-specific b-defensins, such as isoforms of SPAG11 [12, 13] , DEFB118 [14] , and DEFB126 [15, 16] , also have been shown to be sperm-associated and may be involved in sperm maturation. Although more and more epididymis-specific b-defensins have been identified, the regulation of their expression under physiological and inflammatory conditions as well as their roles in the development of male infertility induced by epididymitis remain largely unexplored.
In the present study, we developed a rat model of epididymitis produced by a unilateral, single injection of LPS into the caput region. In this rat model, we assessed the motility of spermatozoa in the epididymis, and we examined the expression of SPAG11E in the caput region. The relationship between the changed expression of SPAG11E and sperm motility was investigated. In this model of epididymitis, we also observed patterns of expression for another 12 b-defensins that, like SPAG11E, are specifically expressed in the caput region of the rat epididymis.
MATERIALS AND METHODS

Animals and Animal Model of Epididymitis
The present study was approved by the Institutional Ethics Committee (Second Military Medical University; protocol no. M2008-004/20080123) and followed the guidelines of the National Institutes of Health for the care and use of laboratory animals. Adult male Sprague-Dawley rats aged 4 mo (weight, 400-550 g) were purchased from the Animal Center of the Chinese Academy of Sciences. All animals were anesthetized with an intraperitoneal injection of pentobarbital sodium (50 mg/kg; Denmark), and the testis and epididymis were exposed through a midline laparotomy. Different doses of LPS (from E. coli serotype 0111:B4; Sigma) dissolved in 50 ll of sterile saline were unilaterally and singly injected into the caput region of the epididymis using an insulin syringe (BD Ultra-Fine), and the same volume (50 ll) of sterile saline was injected into the contralateral caput epididymis of the same animal as control. Rats were killed at 12 h and at 1, 2, 3, and 5 days after the injection, and the caput region was isolated for histopathologic examination, RNA extraction, and cell lysate preparation.
Histopathology
Hematoxylin-and-eosin staining of epididymal tissue sections was performed as described previously [17] . Briefly, epididymides were submerged in Bouin solution for 24 h and then dehydrated in graded alcohols, embedded in paraffin, and cut into sections (thickness, 4 lm). Mounted sections were stained with hematoxylin and eosin and then examined for histopathological changes under an Olympus microscope (BH2-RFC).
RNA Isolation and Northern Blot Analysis
Total RNA from the caput region of the rat epididymis was extracted with TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Northern blot analysis was performed as described previously [10] . Briefly, 20 lg of total RNA were electrophoresed on a denaturing formaldehyde-agarose gel and blotted onto nylon Hybond membranes (Osmonic). Probes were obtained by random labeling (Promega) of PCR products derived from the coding regions of Il1b (322 bp), Spag11b (337 bp), or Gapdh (443 bp) with a-[
32 P]dATP. Autoradiographs with pronounced differences in expression were analyzed by densitometry.
Protein Extracts and Western Blot Analysis
Caput epididymal tissues (100 mg) or pcDNA3.1/SPAG11E-pcDNA3.1-transfected PC1 cells were lysed in 1 ml of radio-immunoprecipitation buffer (Biocolor) and 10 ll of PMSF (Biocolor) and homogenized on ice. The culture medium of pcDNA3.1/SPAG11E-pcDNA3.1-transfected PC1 cells was collected and centrifuged at 2000 rpm for 10 min. The supernatant was concentrated using an Amicon Ultra-15 Centrifugal Filter device (Millipore) according to the manufacturer's protocol. Protein concentrations in the extracts or ultrafiltrates were measured by a Coomassie Brilliant Blue G-250 binding assay (Biocolor). Ten micrograms of protein were electrophoresed on 16.5% Tricine-SDS-PAGE gel using the method described by Schägger and von Jagow [18] . Protein bands were stained with Coomassie Brilliant Blue R-250 (Amresco). For Western blot analysis, the proteins were transferred to a polyvinylidene difluoride membrane (Pall) and immunoblotted with rabbit antimouse SPAG11E antiserum, which recognized mouse and rat SPAG11E (1:500; provided by Liqing Xiao, Shanghai Institute for Biological Sciences, Shanghai, China) [19] , or mouse anti-b-actin antibody (1:8000; Sigma-Aldrich Chemicals). The blots were incubated with goat anti-rabbit or anti-mouse secondary antibody conjugated to horseradish peroxidase (1:5000; Rockland Immunochemicals), and detection was performed using an enhanced chemiluminescence reagent kit (Pierce).
Assessment of Sperm Motility
Rats were treated with 200 lg of LPS, and 2 days later, paired epididymides were removed and severed at the caput-corpus and corpus-cauda junctions. These segments were then placed in a 35-mm plastic Petri dish with 1 ml of Dulbecco modified Eagle medium (Invitrogen) supplemented with 3% bovine serum albumin at 378C. Two deep cuts were made along the macroaxis of each segment, allowing sperm to diffuse into the medium. After 5 min at 378C, the tissue was removed, and aliquots of sperm suspension were diluted with fresh medium to reach an approximate concentration of 6 3 10 6 sperm/ml. Aliquots (10 ll) of diluted sperm suspensions were placed in a glass cannula for computer-assisted sperm analysis (CASA) using the HTM-IVOS system (Version 10.8; Hamilton-Thorne Research). Instrument settings were as described previously [20] . At least 1000 spermatozoa and 10 fields were assessed for each specimen (n ¼ 5 independent experiments), and the percentages of motile and progressively motile spermatozoa were determined.
Cell Culture and Transient Transfection
The PC1 cell lines from the proximal caput of mouse epididymis were cultured in a vitric culture flask in the supplemented Iscove modified Dulbecco medium (Invitrogen) containing 10% fetal bovine serum (PAA) at 338C as described elsewhere [21] . Cells in the logarithmic growth phase were seeded onto six-well plates at a density of 1 3 10 5 cells/well. When growing to 60-80% confluence, the cells were transiently transfected with 4 lg/well of pcDNA3.1-SPAG11E expression vector or pcDNA3.1 empty vector using Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's protocol. Twelve hours after transfection, the culture medium was replaced with fresh medium. Two days after that, the culture medium was collected and centrifuged at 2000 rpm for 5 min. The supernatant was used to incubate spermatozoa isolated from the cauda region of LPS-treated epididymis at 378C for 30 min.
Indirect Immunofluorescence and Flow Cytometry Assay
The binding of SPAG11E with sperm was examined by immunolabeling and flow cytometry as described previously [11, 20] . For immunofluorescence analysis, the spermatozoa were placed on polylysine-coated slides and airdried. The slides were blocked for 1 h at room temperature with 10% goat serum in 0.01 M PBS (pH 7.25-7.35) and then incubated in polyclonal anti-SPAG11E serum (1:200) overnight at 48C. After three washes with 0.01 M PBS (pH 7.25-7.35), the slides were exposed to fluorescein-conjugated secondary antibody (1:500; SouthernBiotech). Slides were washed three times with 0.01 M PBS (pH 7.25-7.35), mounted in 80% glycerol, and then viewed under an inverted fluorescent microscope (Olympus). For flow cytometry, spermatozoa were stained with SPAG11E polyclonal antibody at a final concentration of 1:200 and with fluorescein isothiocyanate (FITC)-conjugated secondary antibody (Molecular Probes) at a final concentration of 1:100. We analyzed at least 10 000 individual sperm per sample for FITC fluorescence emissions.
Real-Time PCR
A total of 2 lg of RNA prepared as described above was used for reverse transcription, which was performed with a RevertAid First Strand cDNA Synthesis Kit (MBI Fermentas) using random primers. Real-time PCR was performed in a total volume of 15 ll of reaction mixture containing 50 ng of cDNA samples, 3 pmol each of the forward and reverse primers, and 7.5 ll of 23 SYBR Green Real-time PCR Master Mix Kit (Toyobo) on a Mastercycler ep realplex (Eppendorf). The primers and annealing temperatures for the 13 bdefensins and glyceraldehyde-3-phosphate dehydrogenase (Gapdh) are listed in Table 1 . Thermal cycling conditions consisted of an initial denaturing step (958C, 2 min) followed by 40 cycles of denaturing (958C, 20 sec), annealing (20 sec), and extending (728C, 25 sec). The specified mode of reaction was controlled using melting-curve analysis. Amplification of b-defensin cDNA was normalized to that of Gapdh. Results are expressed as the fold-increase of b-defensin cDNA compared with the control.
Statistical Analysis
Statistical analysis was performed using one-way ANOVA followed by Fisher least significant difference test, with P , 0.05 considered to be significant. Data are expressed as the mean 6 SD.
RESULTS
Inflammatory Changes in the Epididymis after LPS Treatment
In the present study, a rat model of epididymitis was established by a unilateral, single injection of 200 lg of LPS into the caput region of the epididymis, with the same volume of saline injected into the contralateral caput region as control. Two days later, inflammation was observed in the caput region that was characterized by hyperemia, interstitial edema, and leukocyte infiltration (Fig. 1A) , whereas the epididymis injected with saline had no significant histological change. LPS also caused mild inflammatory damage in the corpus region but did not affect the cauda (data not shown). The expression of Il1b, an important proinflammatory cytokine [22] , was examined by Northern blot analysis. As shown in 
FIG. 1. LPS induces acute inflammation in
the caput region of the rat epididymis. First, 200 lg of LPS or saline were injected into the caput region (A). Two days later, the morphology of the epididymis was examined with hematoxylin-and-eosin staining. In addition, the caput region of rat epididymis was injected with 50-400 lg of LPS and examined 2 days later (B) or was injected 200 lg of LPS and examined from 12 h to 5 days later (C). RNA was extracted from the caput of epididymis and examined for Il1b mRNA level by Northern blot analysis. Il1b mRNA level was normalized to that of Gapdh. Data are expressed as a percentage of control (saline treatment) and represent the mean 6 SD of five independent experiments. A statistically significant difference between the LPS-treated group and the control was observed (**P , 0.01). L, LPS; S, saline. Bar ¼ 50 lm. Figure 1 , B and C, LPS significantly induced expression of Il1b mRNA in a dose-and time-dependent manner. Maximal induction was observed at 2 days after injection with 200 lg of LPS (6-fold vs. control, P , 0.01). These results demonstrated that LPS caused an acute inflammation in rat epididymides.
LPS Decreases Expression of Spag11b in Caput Epididymis
Next, using Northern blot analysis, we examined the expression of Spag11b mRNA in the caput epididymis at 2 days after treatment with different doses of LPS (50-400 lg) or at different times (12 h to 5 d) after treatment with 200 lg of LPS. We found that challenge with LPS resulted in a dose-and time-dependent decrease of Spag11b mRNA (Fig. 2, A and B) , with a maximal decrease of 93% observed at 2 days after treatment with 200 lg of LPS (P , 0.01 vs. control). Although the Spag11b mRNA level was gradually restored after 3 days of LPS treatment, it was only approximately 50% of the control level at the fifth day after LPS treatment (P , 0.01). A similar time-dependent decrease of SPAG11E expression at the protein level was observed after treatment with 200 lg of LPS, with a maximal decrease of 95.7% (P , 0.01 vs. control) (Fig. 2C) . These results indicate that LPS remarkably disrupts expression of SPAG11E at the mRNA and protein levels in vivo.
LPS Induces Sperm Motility Impairment Through Inhibition of SPAG11E Expression and Binding with Sperm
Spermatozoa isolated from different segments of the epididymis 2 days after treatment with saline or 200 lg of LPS were then examined for total and progressive motilities by CASA. Compared with saline control, LPS treatment significantly inhibited total and progressive motilities of spermatozoa in the corpus and caudal regions of the epididymis (P , 0.05 in corpus and P , 0.01 in cauda) (Fig. 3, A and B) , with decreases of approximately 50% and 57% in total and progressive motilities, respectively, of caudal spermatozoa. These results demonstrate that LPS-induced epididymitis impaired sperm motilities in corpus and caudal epididymis.
In a previous study [11] , we found that SPAG11E can bind to the sperm head and promote the acquisition of progressive motility by immature sperm. Because LPS treatment resulted in a significant decrease of both SPAG11E expression and sperm motility, we investigated if decreased expression of SPAG11E is involved in the impaired sperm motility of epididymitis induced by LPS. PC1 cells, a mouse epididymal cell line [21] that does not express SPAG11E endogenously, were transfected with rat SPAG11E expression vector or empty vector. The recombinant SPAG11E proteins in cells and the culture   FIG. 2 . LPS decreases SPAG11E expression in the caput region of the rat epididymis. The caput region was injected with 50-400 lg of LPS and examined 2 days later (A) or was injected with 200 lg of LPS and examined from 12 h to 5 days later (B and C). SPAG11E mRNA and protein levels in the caput epididymis were examined by Northern blot analysis (A and B) and Western blot analysis (C), respectively. SPAG11E mRNA and protein levels were normalized to that of Gapdh and ACTIN, respectively. Data are expressed as a percentage of control (saline treatment) and represent the mean 6 SD of five independent experiments. A statistically significant difference between the LPS-treated group and the control was observed (**P , 0.01). L, LPS; S, saline.
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supernatant were confirmed by electrophoretic and Western blot analyses (Fig. 3C) . Then, the caudal spermatozoa from the LPS-treated epididymis were incubated with culture medium from SPAG11E-transfected PC1 cells or culture medium from vector-transfected PC1 cells. CASA showed a significant increase in both total motility and progressive motility of spermatozoa incubated with culture medium from SPAG11E-transfected PC1 cells (P , 0.01) (Fig. 3, A and B) . The binding of SPAG11E with sperm decreased from 76.8% to 40.2% after LPS treatment, but it recovered to 63.8% following 30 min of incubation with culture medium from SPAG11E-transfected PC1 cells (Fig. 3, D and E) . These results indicate that LPS induced impairment of sperm motility in rat epididymis at least in part through inhibition of SPAG11E expression and binding with spermatozoa.
LPS Decreases Expression of Other Epididymal b-Defensins
To know whether LPS also decreases the expression of other epididymal b-defensins, we examined, by real-time PCR, the expressions of 12 epididymal b-defensins [9] in epididymitis induced by LPS. As shown in Figure 4 , A and B, mRNA levels of three members of the b-defensin family (b-defensin [Defb] 29, 41, and 42) did not change significantly after LPS treatment, whereas mRNA levels of the other nine members significantly decreased. Among these nine b-defensins, mRNA levels for five (Defb12, Defb21, Defb39, Defb44, and Defb51) decreased by more than 50%, and mRNA levels for the other four (Defb17, Defb25, Defb27, and Defb52) decreased by less than 50%. These results indicate that the expression patterns of these b-defensins are different under the inflammatory condition induced by LPS and that decreased expression seems to be the major pattern.
DISCUSSION
In the present study, we developed a rat model of epididymitis by injecting LPS into the caput region of the epididymis. The caput epididymis treated with LPS showed enhanced expression of Il1b and characteristics of inflammation, including hyperemia, interstitial edema, and leukocyte infiltration. These pathological changes were consistent with the signs of epididymitis that have been reported previously [23] [24] [25] . We also examined the expression of 13 epididymal bdefensins in epididymal tissue after LPS treatment and found, to our knowledge for the first time, that the expression of 10 bdefensins (including Spag11b and Defb21) significantly decreased whereas expression of the other three (including Defb29) remained unaffected. These results indicate that different b-defensins are differentially regulated in LPSinduced epididymitis and that decreased expression seems to be a common expression pattern for epididymal b-defensins.
Previous studies of b-defensin regulation under inflammatory conditions targeted the more widely distributed bdefensins rather than the epididymis-specific b-defensins. Human b-defensin 1 (DEFB1, previously known as HBD1), the first reported human b-defensin, is constitutively expressed in various epithelial cells [26, 27] . In contrast, expression of DEFB4A (previously known as HBD2) could be upregulated in tracheobronchial epithelial cells, skin epithelial cells, and intestinal epithelial cells exposed to bacteria, LPS, or inflammatory mediators [28, 29] . LPS stimulates DEFB4A promoter activation in a TLR4-and NFjB-dependent manner [30] . The expression of another widely distributed b-defensin, rat b-defensin 1 (Defb1, previously known as RBD1), was reported to be unaffected in epididymitis induced by 400 lg of LPS [31] . Although downregulation of antimicrobial peptides in enteric infections has been reported recently [32] [33] [34] , upregulation is still a common expression pattern of the bdefensin family after LPS or interleukin 1 stimulation in various epithelial cells. Our results are contrary to the popular belief that b-defensins awaken the host response by constitutive or inducible expression under conditions of bacterial infection. In epididymitis induced by vas deferens ligation, a type of aseptic inflammation, disruption of epididymal protein expression is often observed and is usually regarded as the result of lumicrine factor deprivation caused by obstruction of testicular outflow [35] [36] [37] . In epididymitis induced by bacterial infection, clarifying how LPS regulates expression of these bdefensins is another interesting line of inquiry. Although little is known about the functions of epididymal b-defensins other than SPAG11E, the exceptional expression pattern implies complex biological functions and suggests these defensins play other roles beyond immunoregulation in epididymitis.
Previous studies have reported that rat SPAG11E, a member of the b-defensin family specifically expressed in the caput region of the epididymis, plays dual roles in sperm motility and epididymal innate immunity under physiological conditions. In the present study, we showed not only that sperm motility was significantly reduced but also that both expression and sperm binding of SPAG11E were significantly decreased in epididymitis of the rat epididymis. Supplementation with SPAG11E-containing medium in vitro could significantly increase the binding of SPAG11E to spermatozoa and enhance sperm motility. These data support the idea that disruption of SPAG11E expression is involved in the impairment of sperm motility during epididymitis induced by LPS, and it might be one of the reasons why epididymitis can cause infertility. We also observed no significant difference in the motilities of caput spermatozoa between LPS treatment and saline treatment. This result may have been caused by the immaturity and very low normal motility of spermatozoa isolated from caput region, thus rendering the effect of reduced SPAG11E expression less than obvious. . RNA was extracted from caput epididymis and examined for the expression of Defb12, Defb17, Defb21, Defb25, Defb27, Defb29, Defb39, Defb41, Defb42, Defb44, Defb51, and Defb52 with real-time PCR. The mRNA level of each b-defensin member was normalized to that of Gapdh. Data are expressed as a percentage of control (saline treatment) and represent the mean 6 SD of five independent experiments. *P , 0.05, **P , 0.01.
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In conclusion, we have showed that LPS-induced epididymitis can decrease the expression of epididymal b-defensins and that the disruption of SPAG11E expression is involved in the impairment of sperm motility. Future studies need to explore, first, whether the disrupted expression of the other nine b-defensins found in the present study also leads to impairment of sperm motility in epididymitis and, second, the relationship between the changes in b-defensin expression and other functions of sperm, such as sperm capacitation, acrosome reaction, and sperm-egg interaction. These studies will be helpful in elucidating the pathophysiological significance of epididymis-specific b-defensins under inflammatory conditions and in identifying therapeutic targets for the prevention and treatment of male infertility caused by epididymitis.
